Of the many cell-based treatments that have been tested in an effort to regenerate osteoarthritic articular cartilage, none have ever produced cartilage that compare with native hyaline cartilage. Studies show that different cell types lead to inconsistent results and for cartilage regeneration to be considered successful, there must be an absence of fibrotic tissue. Here we report of a series of experiments in which bone marrow-derived stem cells (BMSCs) and articular cartilage chondrocytes (ACCs) were mixed in a 1:1 ratio and tested for their ability to enhance cartilage regeneration in three different conditions: (1) in an in vitro differentiation model; (2) in an ex vivo cartilage defect model implanted subcutaneously in mice; and (3) as an intra-articular injection in a meniscectomy-induced OA model in rats. The mixed cells were compared with monocultures of BMSCs and ACCs. In all three experimental models there was significantly enhanced cartilage regeneration and decreased fibrosis in the mixed BMSCs+ACCs group compared with the monocultures. Molecular analysis showed a reduction in vascularization and hypertrophy, coupled with higher chondrogenic gene expression resulting from the BMSCs+ACCs treatment. Together, our data suggest that mixed BMSCs +ACCs treatment is highly chondro-protective and is more effective in regenerating damaged cartilage in both the ex vivo cartilage defect and post-trauma OA disease models. The results from this approach could potentially be used for regeneration of cartilage in OA patients.
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Here we report of a series of experiments in which bone marrow-derived stem cells (BMSCs) and articular cartilage chondrocytes (ACCs) were mixed in a 1:1 ratio and tested for their ability to enhance cartilage regeneration in three different conditions: (1) in an in vitro differentiation model; (2) in an ex vivo cartilage defect model implanted subcutaneously in mice; and (3) as an intra-articular injection in a meniscectomy-induced OA model in rats. The mixed cells were compared with monocultures of BMSCs and ACCs. In all three experimental models there was significantly enhanced cartilage regeneration and decreased fibrosis in the mixed BMSCs+ACCs group compared with the monocultures. Molecular analysis showed a reduction in vascularization and hypertrophy, coupled with higher chondrogenic gene expression resulting from the BMSCs+ACCs treatment. Together, our data suggest that mixed BMSCs +ACCs treatment is highly chondro-protective and is more effective in regenerating damaged cartilage in both the ex vivo cartilage defect and post-trauma OA disease models. The results from this approach could potentially be used for regeneration of cartilage in OA patients.
Laboratory Investigation (2018) 98, 106-116; doi:10.1038/labinvest.2017.117; published online 16 October 2017 Osteoarthritis (OA) is a chronic degenerative disease that affects articular cartilage surfaces of the joints. 1 It is associated with aging and injuries and tends to affect the joints that have been continually stressed throughout life, including knees, hips, fingers, and lower spine. 1 There have been various cellbased methods available clinically to correct cartilage degeneration in OA patients. These strategies include: (i) cartilage replacement techniques which compromised of chondrocyte autograft transfer (OAT) and osteochondral graft transplantation and (ii) cartilage regeneration techniques such as autologous chondrocytes injection (ACI), matrixinduced autologous chondrocyte implantation (MACI) and bone marrow stimulation by a microfracture technique. 2 However, the success rate for these treatments have been inconsistent, involved invasive procedure causing donor site morbidity and their long-term benefits have been unsatisfactory. 2, 3 In addition, the ACI and MACI cell-based therapies had limitations in that chondrocytes have limited lifespan and both ACI and MACI could not sufficiently correct large cartilage defects. The reason for the failure of these cell-based therapies has been largely because the newly formed tissue as a result of these treatments do not have the structural organization of cartilage and have inferior mechanical properties than the native tissue, and hence often prone to failure. 4 Various stem cells have been investigated extensively for possible uses in cartilage regeneration, in particular bone marrow mesenchymal stem cells (BMSCs). Whereas there are reports of BMSCs forming cartilage-like tissues in vitro under chondrogenic induction with TGF-beta, once transplanted into a complex in vivo environment these constructs commonly undergo extensive calcification of the extracellular matrix (ECM). 5, 6 Parathyroid hormone-related protein (PTHrP) has been used to inhibit hypertrophy of BMSCs and subsequent mineralization; 7-10 however, there is no evidence to suggest that pre-treating BMSC pellets with PTHrP prevents hypertrophy and mineralization when implanted subcutaneously in nude mice. 8 The feasibility of using articular cartilage chondrocytes (ACCs) as an alternative source of cells for in vivo transplantations is limited due to the difficulties of obtaining a sufficient number of cells. There is also the issue of ACCs rapidly dedifferentiating when expanded ex vivo which, when implanted in vivo, result in fibrous cartilage. 11, 12 Given these limitations, it is therefore not surprising that cell therapies have failed to gain any widespread adoption as a viable means of treating OA. New approaches are therefore needed to stabilize the phenotypes of both ACCs and BMSCs in order to have any chance of developing a cell-based application for the treatment of OA.
Interestingly, there are now data to suggest that cross-talk between BMSCs and ACCs enhances the expression of cartilaginous ECM components. One in vitro study has shown that ACCs exert paracrine effects on BMSCs by releasing PTHrP, which induces chondrogenesis of BMSCs and inhibits hypertrophy. 13 Another study seems to suggest that BMSCs can direct ACCs to a more stable phenotype via communication between the two cell types involving the cytokines TGF-beta, BMP-2 and IGF-1. 14 A number of other studies have demonstrated that co-culturing BMSCs with ACCs enhances chondrogenesis by increased expression of cartilage ECM components. [15] [16] [17] [18] [19] [20] [21] These observations prompted us to test another strategy for a cell-based OA treatment, namely: to inject into cartilage defects a mixture of BMSCs and ACCs that could provide anti-hypertrophy and pro-chondrogenic cytokines to influence cell differentiation. To date, there are no reports of in vivo studies that have investigated effects derived from combining BMSCs and ACCs to repair cartilage in an OA disease model. Therefore, the aim of this study was to investigate the cellular interactions occurring when mixing ACCs and BMSCs, to determine whether or not such an approach could enhance cartilage regeneration in vitro and ex vivo and also in a medial meniscectomy (MSX) OA model in the rat.
MATERIALS AND METHODS Isolation and Culture of Human and Rat BMSCs
All experiments were conducted in accordance with institutional guidelines for the care and use of experimental animals as stipulated by Queensland University of Technology and the Prince Charles Hospital. Bone marrow samples were obtained from OA patients (n = 7; age: 70 ± 6.3, sex: males) undergoing knee replacement surgery (KRS) after informed consent had been given. None of these patients had any clinical symptoms of joint, metabolic, or hormonal diseases (osteoporosis). Bone marrow was sourced from the patient's femoral canal and hBMSCs isolated, cultured, and characterized as described in our previously published studies. 22, 23 Bone marrow from rats was isolated by cutting open both ends of the femurs and flushing out the marrow with a 27-gauge syringe filled with low glucose Dulbecco's modified Eagle's medium (Life Technologies, Australia) containing 1% (v/v) 50 units/ml penicillin and 50 μg/ml streptomycin (pen/strep; Life Technologies) and 10% FBS (Lonza, Australia) (complete DMEM). The cell suspension was strained through a 70-μm mesh filter and cultured in complete DMEM in 25 cm 2 flasks in an incubator at 37°C and 5% CO 2 . Cells were passaged once reaching 80-90% confluence and rBMSCs were confirmed by their differentiation potential and detection of MSCs surface markers expression by FACS and RT-qPCR as described previously. 22, 23 Isolation and Culture of Human and Rat ACCs Human ACCs (hACCs) were obtained from the non-loadbearing mid-region of lateral compartment of the knee, from the same KRS patient cohort (n = 7). The isolation protocol of both human and rat (h and r) ACCs was essentially the same and has been described previously. 24, 25 Briefly, articular cartilage was removed from the femoral condyles. The tissue was washed three times with sterile 1 × PBS supplemented with 1% (v/v) pen/strep, then cut into 1-2 mm 3 pieces and digested in a solution 0.2% (v/v) collagenase B (Life Technologies) in complete DMEM for 24 h in a CO 2 incubator. The digested cartilage was centrifuged at 400 g for 10 min and the supernatants discarded, after which the cells were strained through a 70-μm mesh filter and cultured in complete DMEM. Phenotype characterization of the ACCs were assessed by the cells' ability to undergo chondrogenic redifferentiation and the expression of type I collagen (COL1), type II collagen (COL2) (Neomarkers, Fremont, CA, USA) and aggrecan (ACAN) (Millipore, Australia) as described previously. 24, 25 In Vitro Co-Culture Model ACCs (1.5 × 10 5 ) from primary cultures and BMSCs (1.5 × 10 5 cells) from passage 1 were combined (1:1 BMSCs/ ACCs). The co-cultures were established in a micromass culture system by pelletizing the cells in a chondrogenic medium comprising serum-free high-glucose DMEM (Life Technologies) supplemented with 10 ng/ml TGF-β3 (R&D Biosystems), 10 nM dexamethasone (Sigma-Aldrich), 50 mg/ ml L-ascorbic acid (Sigma-Aldrich), 10 mg/ml sodium pyruvate (Life Technologies), 10 mg/ml proline (SigmaAldrich), and ITS+ (final concentration: 6.25 mg/ml insulin, 6.25 mg/ml transferrin, 6.25 mg/ml selenious) acid (Life Technologies), 5.33 mg/ml linoleic acid (Sigma-Aldrich), and 1.25 mg/ml bovine serum albumin (Sigma-Aldrich) and centrifuged at 600 g for 20 min to form a pellet. Controls were pellets made from the same number of BMSCs or ACCs only, also cultivated in chondrogenic medium.
In Vivo Cartilage Defect Model
The ex vivo cartilage defect model was prepared from cartilage harvested from the KRS patients' excised knee joints. Only cartilage from the mid-region of the lateral-femoral compartment, showing no visual damage, was used in this experiment. Six millimeter diameter with 3 mm depth cartilage was dissected using a sharp biopsy punch and circular defects of 2 mm in diameter and 2 mm deep, were made using a dental bur and the site was irrigated with generous amounts of PBS to prevent overheating. After having been thoroughly washed with PBS the cartilage defects received pellet implants containing hACCs, human BMSCs (hBMSCs), or mixed (hBMSCs+hACCs) that had been incubated in chondrogenic medium for 3 weeks. The defects were sealed with matrigel ( Figure 1a and b) and then transplanted subcutaneously into non-obese diabetic severe combined immunodeficient mice (NOD-SCID; Animal Resource Center, WA, Australia) for a further 3 weeks. Cartilage defect explants filled with matrigel only or cartilage plug itself without gel served as controls. This procedures had the approval of the Animal Ethics Committee of the Queensland University of Technology.
In Vivo Meniscectomy-Induced OA Model and IntraArticular Stem Cell Injections Post-trauma OA was induced by MSX surgery as described in our previous study. 26 In brief, Wistar rats were anesthetized with an intra-peritoneal injection of Zoletil (tiletamine 15 mg/ kg, zolazepam 15 mg/kg) and Xylazil (xylazine 10 mg/kg) and OA induced by transecting the medial collateral ligament just below its attachment to the meniscus, which causes the meniscus to be reflected toward the femur when the joint space is opened. Avoiding damage to the tibial surface, the meniscus was cut at its narrowest point, which results in complete medial meniscus transection, and the surgical wound was closed by suturing in two layers. A group of sham-operated animals had their left knee subjected to the same surgical procedure but without excision of the ligament or any meniscal manipulations. After surgery, the rats all received pain killer (Buprenorphine 0.05 mg/kg) and antibiotic (gentamycin 5 mg/kg). One week post-surgery, the rats received a designated single 75 μl dose of either rBMSCs (3 × 10 5 cells), rACCs (3 × 10 5 cells), or mixed rBMSCs +rACCs (1.5 × 10 5 BMSCs+1.5 × 10 5 ACCs) dissolved in complete DMEM supplemented with hyaluronic acid (HA) gel (0.5 mg) injected directly into the knee joint. The same volume of complete DMEM and HA only was injected into the knees of control animals. Following an injection, the joint was repeatedly flexed and extended to help disperse the suspension throughout the intra-articular space, after which the rats were allowed to walk freely in the cage. The animals were killed 10 weeks post-surgery by CO 2 inhalation.
MTT Assay
Cell proliferation was assessed using (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; SigmaAldrich) assay. Twenty microliters of 5 mg/ml MTT solution was added to each well and incubated for 4 h at 37°C, after which the medium was carefully removed and replaced with 100 μl of dimethyl sulfoxide to dissolve the formazan crystals. The absorbance was read at 570 nm by a microplate spectrophotometer (Benchmark Plus, Tacoma, WA, USA).
Sulfated Glycosaminoglycan Assay
Sulfated glycosaminoglycan (sGAG) assay was performed using a Sulphated Glycosaminoglycan Assay kit (Biocolor Life Science Assays, Labtek Pty, QLD, Australia) following the manufacturer's instructions. Chondrocytes pellets were digested with a papain extraction reagent overnight at 65°C to recover sGAGs and mixed with blyscan dye. The color intensity was measured at 656 nm on a Benchmark Plus microplate spectrophotometer (BioRad, Australia).
RNA Extraction and Real-Time Quantitative PCR
Total RNA was extracted from pellet cultures using TRIzol reagent (Life Technologies) as described in our previous studies. 24, 25 Complementary DNA was transcribed from 500 ng of mRNA using a DyNAmo kit (Thermo Scientific). Real-time quantitative PCR (RT-qPCR) was performed using SYBR Green master mix on a ABI 7500 Fast Real Time PCR system (Applied Biosystems, Foster City, CA, USA). All samples were assayed in triplicate and the mean cycle threshold (Ct) values calculated for comparative analysis using the (2 − ΔCt ) method 27, 28 and 18s and beta-actin expression was used as the internal controls. Geometric mean of 18s and beta-actin housekeeping genes are used for relative gene expression analysis.
Safranin-O Staining
In vitro pellets and dissected explants were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. Whole knee joints were first fixed in PFA and then decalcified in 10% EDTA for 5-6 weeks before embedding in paraffin. Sagittal sections, 5 μm in thickness, were cut from the lateral and medial compartment of the joint. Matrix deposition of proteoglycans was assessed using Safranin-O (Saf-O) staining following the standard protocols 29 Bern score was used to analyze the Saf-O results 30 and OA severity in the tibial plateau was evaluated according to Mankin's histologic grading system by three blind scorers (Mankin score: 0 to 14) 31 and a cartilage destruction score was assigned to each knee sample.
Immunohistochemical Analysis
Immunohistochemistry was carried out using standard protocols for paraffin-embedded samples. 
Statistical Analysis
Results were expressed as means ± s.d. Comparison of gene expression values between two groups was performed using unpaired t-test or the nonparametric Mann-Whitney test and multiple comparisons were performed with Kruskal-Wallis and Dunn's post hoc tests. P-values of (P ≤ 0.05) were considered significant. Graph Prism is used for statistical analysis and graphical representation.
RESULTS Enhanced
In Vitro Chondrogenic Differentiation in the Co-Culture of hBMSCs and hACCs The gross morphology of the pellets was identical in either mixed or monocultures (Figure 2a) . After 3 weeks in culture there was no statistical difference in the size or weight of the pellet aggregates, with the BMSCs+ACCs mixed pellets being only slightly larger (Figure 2b and c) . Next, we examined in vitro chondrogenic differentiation in mixed and monocultures of hBMSCs and hACCs. All pellets stained positive for Saf-O, indicating the formation of ECM; however, the staining intensity was higher in mixed BMSC+ACC pellets compared with the BMSC and ACC pellets alone. In the mixed pellets the staining was an intense red, covering more than 90% of the total tissue area stained. By contrast, the Saf-O stain in the ACC pellets was more diffuse and in a spotty pattern, covering only 63% of the stained area. The matrix staining in BMSC pellets looks similar to ACCs (Figure 2a ). Sulfated GAG is the major metrics with which to assess chondrogenic differentiation and agreed with the Saf-O staining, with total sGAG being significantly higher in the mixed cultures compared with the monocultures (Figure 2d ). The rate of proliferation was similar between BMSCs monocultures and BMSCs+ACCs mixed cultures, whereas the ACCs monocultures were lower by comparison (Figure 2e) .
Chondrogenic gene expression was assessed by RT-qPCR and showed significantly higher levels of COL2A1, ACAN, and SOX9 mRNA in the mixed BMSC+ACC pellets compared with the monoculture pellets. The BMSCs-only pellets had higher expression of the hypertrophy and mineralization marker genes COL10, RUNX2, MMP-13, and ALPL compared with the ACC monocultures. The mixed culture BMSC+ACC showed lower expression of these markers compared with the other groups. The expression of the hypertrophic transcription factor IHH 32 was similar in both monocultures but significantly lower in mixed culture pellets. Interestingly, the angiogenic gene VEGF had an inverse expression pattern compared with the anti-angiogenic gene ChM-1. VEGF expression in the BMSC group was significantly higher compared with the BMSC+ACC group, whereas ChM-1 expression was upregulated in the BMSC+ACC group compared with the monoculture groups ( Figure 3 ). In terms of gene expression, these observations indicate that the BMSCs+ACCs mixed cultures had a more stable cartilage-like phenotype.
Co-Culture of ACCs+BMSCs Showed Phenotypic Stability After Subcutaneous Implantation in SCID Mice
Gross and histological findings in cartilage defect explants The cartilage implants were harvested 3 weeks after implantation and all had remained within their original subcutaneous pockets dorsally in the SCID mice. The cartilage defects filled with ACC-derived pellet or mixed cell pellets had a smooth and white surface, showing no signs of blood vessel invasion (Figure 4a ). By contrast, cartilage defects filled with BMSC-derived pellets or Matrigel only showed evidence of blood vessels invasion (Figure 4a ).
Evaluation of cartilage explants by safranin-O staining
Saf-O staining was used to assess proteoglycan production, being a measure of chondrogenesis within the cartilage defects after 3 weeks in a subcutaneous pocket. This revealed a surprisingly intense staining within the cartilage defect explants treated with the BMSCs+ACCs cell pellets which were equal to that of the cartilage. By contrast, the ACCs treatment exhibited a lighter, pink staining of the implanted pellets, whereas the BMSC-treated defects showed no Saf-O within the cell pellet (Figure 4b ). Microscopic analysis revealed the presence of chondrocyte-like cells integrated at the boundary with the native cartilage in ACCs-derived pellets and mixed cell-derived pellets (Figure 4b ). This was not observed in the BMSCs-derived pellets, in which only fibroblast-like cells surrounded the defect site (Figure 4b ). In the Matrigel-only controls, there was no evidence of tissue formation when compared with the cell treatment groups. Bern score analysis showed a significant upregulation in cartilage defects treated with ACC+BMSC pellets compared with the ACCs-and BMSCs-only pellets (Po0.05) (Figure 4c ).
Immunohistochemical staining
The cartilage defects were assessed by immunohistochemistry using a panel of antibodies covering the expression of chondrogenic marker (ACAN and COL2), angiogenesis marker (VEGF), angiogenesis inhibitor (ChM-1), hypertrophic markers (COL10), degradative marker (MMP-13), and de-differentiation (COL1) marker. Both ACAN and COL2, and ChM-1 were highly expressed in the mixed BMSCs+ACCs group compared with the ACCs-and BMSCsonly pellets (Figure 5a and b) . The expression of COL10 and MMP-13 and VEGF in the ACCs+BMSCs group stood out as being significantly lower compared with the BMSCs-only group and this expression pattern mirrored with ACCs-only group. The expression of COL1 remains similar in all groups (Figure 5a and b) .
Intra-articular injections of mixed ACCs+BMSCs cells promoted cartilage repair in MSX-induced osteoarthritis rat model compared with monoculture cell treatments
The effects of the three cell configurations on the repair of articular cartilage damaged by MSX-induced OA in the rat was assessed by histochemical analysis. After 10 weeks in situ, the cartilage in the MSX models showed surface irregularities, abrasion, total matrix loss, and chondrocyte disappearance, all typical characteristics of human OA cartilage ( Figure 6 ). The changes were evaluated quantitatively using the Mankin scoring system and this showed a significantly higher Mankin score in the MSX group compared with the sham-operated group (Figure 7a ). Saf-O staining revealed that the mixed BMSCs+ACCs treatment group showed significantly more intense cartilage matrix staining and, therefore, better cartilage repair compared with the ACCs alone and BMSCs alone (Figure 6 ), finding that were reflected in the Mankin scores (Figure 7a ).
DISCUSSION
The use of cell-based therapies to regenerate defective cartilage has been the focus of numerous animal studies over the past four decades, as well as clinical trials in humansfirst pioneered by the Swedish surgeon Brittberg in the early Figure 3 Chondrogenic, hypertrophic, angiogenic, and anti-angiogenic gene expression patterns in the co-culture vs non co-cultured pellets. ACCs only, BMSCs only, or BMSCs+ACCs (1:1) were differentiated in chondrogenic induction medium for 3 weeks and mRNA expression levels quantified by RTqPCR. There was significantly higher gene expression of the chondrogenic markers COL2, ACAN, and SOX9 and the anti-angiogenic marker ChM-1 in the BMSC+ACC co-culture groups compared with the monoculture groups. By contrast, the gene expression of hypertrophic markers COL10, RUNX2, MMP-13, IHH, and ALPL and the angiogenic factor VEGF were lower in the mixed ACCs+BMSCs groups compared with the BMSCs alone group. The results are representative of experiments using three different patient samples with three technical replicates. Data are reported as means ± s.d.; *Po0.05.
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1990s. 33 To date, however, this method has failed to meet expectations as a panacea for cartilage repair. The key obstacle is the limited supply of autologous ACCs that can realistically be harvested from a patient without causing further damage to the articular cartilage adjacent to the site of explanation. From the small pool of ACCs that can be isolated from the patient's own cartilage, it is necessary to first expand the cells ex vivo over many population doublings in order to obtain a sufficiently high number to use for cartilage regeneration. 34 Chondrocytes are known to dedifferentiate after 2-4 passages when expanded in 2D cultures [35] [36] [37] and, furthermore, when implanted in vivo, ACCs will typically form fibrous cartilage rather than the hyaline form that is characteristic of articular cartilage. 34 Given the short supply of ACCs, there have been concerted efforts to use BMSCs as a potential source of cells for cartilage regeneration. However, it has been shown that BMSCs, when implanted in vivo, express cartilage hypertrophic markers such as COL10, FGF receptors 1-3, PTHrP, and MMP-13 and also exhibit increased ALP activity and matrix mineralization, resulting in local calcification and blood vessel invasion. 38 Similar expression of hypertrophic markers has also been observed in stem cells such as adiposederived mesenchymal stem cells. 39 These observations highlight the need for strategies to minimize these drawbacks in order to successfully apply cell-based treatments to repair articular cartilage lesions. While other studies have tested the in vitro chondrogenic potential of combining ACCs and BMSCs, 14,40 the present study is the first of its kind to provide in vivo data that demonstrate the efficacy and enhanced chondrogenic potential of mixed ACCs+BMSCs cultures in an ex vivo cartilage defect model implanted subcutaneously in immune deficient mice, as well as injected directly into the knees of rats with MSX-induced OA, thus providing proof-of-concept that this strategy could be implemented for cartilage regeneration in OA patients.
Our study revealed that co-cultures containing BMSCs and ACCs robustly enhanced in vitro chondrogenesis while suppressing hypertrophy. The co-cultures also upregulated anti-angiogenesis-associated genes and, at the same time, inhibited the expression of angiogenic factors, indicating that the communication between the two types of cells can lead to more stable chondrogenic gene expression, observations that were consistent with previously published in vitro studies. For example, it has been reported that mixing ACCs with BMSCs enhances the expression of the chondrogenic genes COL2 and Cell therapy for osteoarthritis I Prasadam et al ACAN. 15 Similarly, co-cultures of BMSCs and ACCs enhance chondrogenesis while suppressing hypertrophy in vitro. [40] [41] [42] The role of VEGF in angiogenesis driven blood vessel formation in OA is well known 43, 44 and it is firmly established that VEGF have pathological role in OA cartilage. 45 ChM-1, on the other hand, inhibits angiogenesis in cartilage 46, 47 and its high expression by chondrocytes helps to maintain their avascular phenotype. Our findings indicate that BMSCs, even in chondrogenic culture conditions, will naturally express higher levels of VEGF and lower levels of ChM-1; ACCs, by contrast, express higher levels of ChM-1 and lower levels of VEGF under the same culture conditions. However, when the two cell types were mixed together the expression of VEGF was suppressed and ChM-1 was upregulated to a higher level compared with monocultured cells, suggesting that communication between ACCs and BMSCs actively supresses cartilage vascularization, a mechanism that has yet to be unravelled. We made similar observations in the ex vivo cartilage defect model. Whereas there was clear evidence of blood vessel formation in BMSC-treated cartilage defects implanted subcutaneously in the SCID mice, we found no evidence of vascularization in cartilage defects treated with mixed ACCs+BMSCs pellets, further indicating that cocultures exerted an inhibitory effect on angiogenesis.
The effectiveness of BMSCs and ACCs mixed cell in augmenting cartilage regeneration and OA has not previously been tested in vivo, prompting us to test whether the results seen with mixed cell cultures in vitro could be mimicked in animal models. We applied an MSX-induced OA model in rats, a model which we have previously reported closely mimics human OA. 26 An advantage of this particular model is that, unlike cartilage defect models, the underlying bone is not penetrated during OA induction, which minimizes the possibility of bone marrow progenitors entering into the defect site and contributing to cartilage regeneration. 48 Therefore, one can reasonably assume that any evidence of regeneration in the induced cartilage lesion is the result of the injected cells delivered via the intra-articular route. Interestingly, we found that when BMSCs or ACCs only were injected intra-articularly in the MSX rats the cells attached to the injured cartilage surface and formed a layer on top of the existing cartilage, a process that appears to contribute to the repair. This contrasted with the mixed cultures which did not exhibit this effect, although the cell density was higher compared with the sham-operated controls in the given amount of time. By the end of the 10-week treatment period, the mixed BMSCs+ACCs treatment showed significantly higher proteoglycan production and cartilage matrix deposition compared with either ACCs or BMSCs treatments, 49 and bone morphogenetic proteins, 50 which have been shown to promote in vitro chondrogenesis of BMSCs. Interleukin-1 beta (IL-1β), IL-6, and IL-8 are other signaling molecules that have been found at significantly higher levels in the supernatants of BMSC and ACC co-cultures. 51 Another potential mode of action could be direct cross-talk between cells acting via gap junctions and integrin receptors. Moreover, cells are known to secrete a large variety of vesicles into the extracellular space, of which exosomes have received the most attention in recent years. They were originally thought to be necessary for the clearance of unneeded proteins from cells, and the current opinion is that exosomes are specifically secreted vesicles involved in intercellular communication. Because exosomes are involved in cell-to-cell communication, it is possible they are paracrine effectors of MSCs and ACCs. Our current data, however, do not answer whether the host tissue signals or injected signals in ACCs+BMSCs contributed to the tissue regeneration. In future studies we will use reporter gene imaging and bioluminescence imaging to address the homing and subsequently proliferation and differentiation. On this note, molecules such as CXCR4, CXCR12 and CCL2 have been implicated in the tissue-homing ability and whether these molecules play a role needs to be further investigated.
Next, it is important to ensure the findings are replicated and relevant to the human situation. The applicability of animal data may not adequately mimic human pathophysiology as animals are often young, without any comorbidities, and are not exposed to the range of interacting interventions that humans often receive. Therefore, it is important to validate these findings in a large animal model (such as ovine) and subsequent clinical trials to optimize the timing, route, and formulation. Further studies are required to investigate the efficacy of different types of cells in cartilage defects with different diameters and depths (chondral, subchondral, osteochondral).
In summary, our findings indicate that mixed co-culture of BMSCs+ACCs can differentiate into functional cartilage-like tissues in an in vivo OA model and that these findings could potentially be developed into treatments for osteoarthritis and cartilage damage using a patient's own cells. Cell therapy for osteoarthritis I Prasadam et al
